There is an unmet need to develop new agents or strategies against therapy resistant pancreatic cancer (PanCA). Recent studies from our laboratory showed that STAT3 negatively regulates NF-kB and that inhibition of this crosstalk using Nexrutine 1 (Nx) reduces transcriptional activity of COX-2. Inhibition of these molecular interactions impedes pancreatic cancer cell growth as well as reduces fibrosis in a preclinical animal model. Nx is an extract derived from the bark of Phellodendron amurense and has been utilized in traditional Chinese medicine as antidiarrheal, astringent, and anti-inflammatory agent for centuries. We hypothesized that "Nx-mediated inhibition of survival molecules like STAT3 and NF-kB in pancreatic cancer cells will improve the efficacy of the conventional chemotherapeutic agent, gemcitabine (GEM)." Therefore, we explored the utility of Nx, one of its active constituents berberine and its derivatives, to enhance the effects of GEM. Using multiple human pancreatic cancer cells we found that combination treatment with Nx and GEM resulted in significant alterations of proteins in the STAT3/NF-kB signaling axis culminating in growth inhibition in a synergistic manner. Furthermore, GEM resistant cells were more sensitive to Nx treatment than their parental GEM-sensitive cells. Interestingly, although berberine, the Nx active component used, and its derivatives were biologically active in GEM sensitive cells they did not potentiate GEM activity when used in combination. Taken together, these results suggest that the natural extract, Nx, but not its active component, berberine, has the potential to improve GEM sensitivity, perhaps by down regulating STAT3/NF-kB signaling.
INTRODUCTION
Over the last several decades, numerous advances have been made in cancer therapy. However, a few cancers like pancreatic cancer (PanCA), still have a very poor prognosis for individuals diagnosed with the disease. In 2015 alone, it was estimated that over 48,000 individuals would be diagnosed with PanCA in the United States [1] . Sadly, only around 7% of the people diagnosed will live beyond 5 yr [1] . One of the leading causes for the poor survival rate of pancreatic cancer patients is drug resistance. Despite years of research, the best therapeutic option developed for PanCA has been and is still gemcitabine (GEM). GEM is a nucleoside analogue, that is metabolized into its active forms, difluorodeoxycytidine diphosphate (dFdCDP) and difluorodeoxycytidine triphosphate (dFdCTP) through a complex intracellular metabolic process [2] . These metabolites inhibit the production of deoxynucleotides through dFCDP, inhibition of ribonucleotide reductase and interfering with DNA transcription/replication by competing with and replacing deoxycytidine triphosphate (dCTP) in DNA [2] . Previous studies have demonstrated that resistance to GEM occurs via multiple processes. The main source of GEM resistance is from human equilibrative nucleoside transporter-1 (hENT1) deficiency, which causes decreased uptake of GEM into cells [3] . Additional resistance mechanisms include deoxycytidine kinase (dCK) deficiency, MUC4 expression, and ribonucleotide reductase (RR) overexpression [3, 4] . Despite the recent development of new treatment regimens such as the GEM-erlotinib and nab-paclitaxel/GEM combinations as well as FOLFIR-INOX, their use is limited to select groups of patients for multiple reasons including toxicity [5] [6] [7] . It is obvious that we must rethink our strategy if we are to develop novel treatments that are less toxic as well as more effective and universally usable.
The use of natural products has long been associated with traditional medicines to treat a range of ailments. However, the vast majority of these products lack scientific evidence to determine how and why they work or whether they may be useful in treating other diseases such as cancer. Nexrutine 1 (Nx) is a natural product derived from the bark of Phellodendron amurense, the cork tree [8] . Nx has been used in Traditional Chinese Medicine for thousands of years to treat inflammation, diarrhea, and rheumatism [8] . Studies from our group and others have demonstrated the beneficial use of Nx both in vitro and in vivo using various tumor models including prostate, pancreas, breast, liver, colon, and melanoma [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Mechanistic investigations revealed that Nx inhibits a plethora of cellular processes, including cellular proliferation, autophagy, ROS production, and tumor cell invasion [12] [13] [14] [15] 18] . Remarkably, a clinical trial to assess the safety of Nx in prostate cancer patients showed that it is safe and well tolerated by prostate cancer patients [19] . Furthermore, the use of Nx as a neo-adjuvant to radiation therapy was associated with minimal side effects [19] . Although efficacy determination was not an endpoint of this trial, 81% of prostate cancer patients receiving Nx during neoadjuvant period showed reduction in PSA levels [19] . Encouraged by these studies, we examined whether Nx could be used to enhance the cytotoxic effects of GEM in a cell culture model. We show here that Nx as a whole extract, but not its individual components in combination with GEM may improve chemotherapeutic sensitivity perhaps by down regulation of STAT3/NF-kB signaling.
MATERIALS AND METHODS

Reagents
Nexrutine
1 was provided by Next Pharmaceuticals, Inc. (Salinas, CA). Berberine, n-pentylbromide, and 4-bromo benzyl bromide were purchased from Sigma (St. Louis, MO). Berberine and Nx were dissolved in 50% DMSO-50% nuclease free water solution at concentrations of 1 mg/mL and 5 mg/mL respectively. Gemcitabine (GEM) was obtained from Sigma and nuclease free water was used to make a 1 mM GEM master stock that was aliquoted and stored at À208C until needed. All organic solvents used were of reagent grade quality and were used without further purification. Melting points were obtained with melting point apparatus.
1 H NMR spectra were performed on a Varian Inova 400 MHz spectrometer (Varian, San Francisco, CA) in CDCl 3 /DMSO-d6 (as internal standard on a d scale).
Synthesis of Ber 2-4 and Ber 2-8
The synthesis of Ber 2-4 and Ber 2-8 were achieved via intermediate, Tetrahydroberberine. The synthesis of Tetrahydroberberine was previously reported by Pingali et al. and has been obtained through a complete reduction of Berberine under refluxing conditions using equivalent amount of NaBH 4 [20] . This resultant intermediate, Tetrahydroberberine, then undergoes a quaternization reaction with alkyl halides to achieve the corresponding quaternary ammonium salts: Ber 2-4 and Ber 2-8. Yang et al. have reported the method of synthesis earlier; however, Ber 2-4 and Ber 2-8 were not synthesized by them and have been reported here [21] .
9,10-dimethoxy-7-pentyl-5,6,7,8,13,13a-hexahydro- [1, 3] dioxolo [4,5-g] isoquinolino[3,2-a]isoquinolin-7-ium chloride (Ber 2-4): to a stirred suspension of Tetrahydroberberine (339 mg, 1 mmol,) and K 2 CO 3 (410 mg, 3 mmol) in 15 mL of acetonitrile was added n-pentylbromide (0.62 mL, 5 mmol) drop wise. After the addition, the mixture was stirred for an additional 5 min and then was heated at 608C for 12 h with the condenser attached. After the reaction was complete, the reaction mixture was filtered to remove undissolved impurities and the excess solvent was removed by distillation. The residue thus obtained was washed with ether (2 Â 10 mL) to remove unreacted halide. Then, the yellow powdery substance obtained was recrystallized using 5 mL of MeOH: Acetone (1:1) in a reflux condenser to obtain pure product (267 mg, 65% 7-(4-bromobenzyl)-9,10-dimethoxy-5,6,7,8,13,13a-hexahydro- [1, 3] 
To a stirred suspension of Tetrahydroberberine (339 mg, 1 mmol,) and K 2 CO 3 (410 mg, 3 mmol) in 15 mL of acetonitrile was added 4-bromo benzyl bromide (1.25 g, 0.005 mol, 5 Eq) drop wise. After the addition, the mixture was stirred for an additional 5 min and then was heated at 708C for 12 h with the condenser attached. After the reaction was complete, the reaction mixture was filtered to remove un-dissolved impurities and the excess solvent was removed by distillation. The residue thus obtained was washed with ether (2 Â 10 mL) to remove unreacted halide. Then, the yellow powdery substance obtained was recrystallized using 5 mL of MeOH: Acetone (1:1) in a reflux condenser to obtain pure product (295mg, 58% 
Cell Culture
Human pancreatic cancer cell lines BxPC-3, Capan-2, MIA PaCa-2, and PANC-1 were obtained from American Type Cell Culture (ATCC, Manassas, VA). The non-tumorigenic, HPNE cell line transformed with the KRAS G12D mutation, HPNE-Ras, was generous gifts from Dr. James W. Freeman. GEM-resistant BxPC-3 (GRB) cells were generated in the Freeman laboratory and GEM-resistant Capan-2 (GRC) cells were generated in the Kumar laboratory [22] . Complete RPMI contained 10% fetal bovine serum (FBS, Atlanta Biologicals, Norcross, GA), 100 mg/mL amphotericin, and 100 mg/mL penicillin-streptomycin in RPMI medium. This was used to culture Capan-2 and BxPC-3. Complete RPMI supplemented with GEM was used to culture GRC and GRB cells. Media for MIA PaCa-2 cells contained 10% FBS, 5% horse serum (Sigma), and 100 mg/mL penicillin-streptomycin in DMEM medium containing high glucose. DMEM containing 10% FBS, 100 mg/mL amphotericin, and 100 mg/mL penicillin-streptomycin was used to culture PANC-1 cells. Culture media for HPNE and HPNE-Ras consisted of 5.5 mM D-glucose, 10 ng/mL recombinant EGF, 50 mg/mL gentamycin, and 5% FBS in HPNE base medium (25% M3 medium þ 75% glucose free DMEM with 2 mM L-glutamine). All cells were cultured in a humidified incubator at 378C and 5% CO 2 .
Development of GEM Resistant Capan-2
To develop GEM resistant Capan-2 cells, 1 Â 10 5 cells were seeded in a T25 flask and allowed to attach. Two days after seeding, cell media (complete RPMI) was replaced with fresh media containing 5 mM GEM. Cells were maintained in 5 mM GEM for four days before media was switched back to normal media without GEM as a majority of cells died. Two weeks after removal of GEM, the surviving cells had grown back to confluence and were again exposed to GEM. Cells were treated for 1 wk with 5 mM GEM, followed by 2 wk of culture in normal media without GEM. For the next treatment, cells were treated for 1 wk with 7.5 mM GEM and then cultured 2 wk without GEM. This pattern of GEM treatment followed by culture in normal media continued while treatment times were slowly increased and the GEM concentration was raised to 10 mM. Cells were cultured in 10 mM GEM for 4 months. Phenotypic changes of the resistant cells compared to their parental cell line include reduced proliferation and changed cell morphology.
Proliferation Assays
Cells were plated at a density of 4 Â 10 3 cells per well in 96-well plates. Twenty-four hour later, cells were treated with varying doses of Nx, berberine, a berberine derivative, gemcitabine, or a combination of gemcitabine with Nx, berberine, or a berberine derivative. A modified MTT assay (CellTiter 96
1 NonRadioactive Cell Proliferation Assay; Promega Corp., Madison, WI) was used to determine proliferation as previously described [13] . DMSO was used as the solvent control.
Colony Formation Assays
Colony formation was carried out using the CytoSelect 96-well Cell Transformation Assay (Soft Agar Colony Formation) according to manufacturer's directions (Cell Biolabs, San Diego, CA). Cells were cultured for 7 d with Gem (0.5 mM) and Nx (IC 20 ) alone or in combination in the soft agar matrix. Colony formation was determined according to manufacturer's directions using the SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA) using 485/520 nm filters. Nx IC 20 s were Capan-2 ¼ 50 mg/mL; BxPC-3 ¼ 20 mg/mL; MIA PaCa-2 ¼ 20 mg/mL; and HPNE-Ras ¼ 20 mg/mL.
Apoptosis Assays
5 cells/well were seeded in 6-well plates and approximately 24 h after plating, cells were treated for 24 h with either media alone, 0.5 mM GEM, their Nx IC 20 dose (Capan-2 ¼ 50 mg/mL and BxPC-3 ¼ 20 mg/mL), or a combination of 0.5 mM GEM þ Nx IC 20 dose. Apoptosis was assessed using the Annexin-V-FITC Apoptosis Detection Kit from BD Biosciences (San Diego, CA) as per the manufacture's protocol.
Western Blotting
To assess STAT3/NF-kB signaling changes, whole cell extracts were prepared following treatment for 24 h with either media alone, the IC 20 dose of Nx for each cell line (Capan-2 ¼ 50 mg/mL; BxPC-3 ¼ 20 mg/mL; MIA PaCa-2 ¼ 20 mg/mL; and HPNE-Ras ¼ 20 mg/mL), 0.5 mM GEM, or a combination of both GEM and Nx. Cells were lysed in 2Â SDS buffer containing fresh protease and phosphatase inhibitors. Lysates were fractionated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels. Proteins were transferred to nitrocellulose membranes as previously described [9] . Blots were blocked for 1 h at room temperature in either 5% nonfat milk in 1Â TBS containing 0.1% Tween 20 (TBST) or 5% BSA in TBST. Primary antibodies (purchased from Cell Signaling Technology, Danvers, MA and Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used to probe for specific proteins for 2 h at room temperature. This was followed by incubation with secondary antibody (HRP-conjugated from Sigma and Santa Cruz Biotechnology) for 1 h. Blots were then developed in a Syngene G:Box Imaging System (Frederick, MD) using Western Lightning 1 Plus-ECL (Perkin Elmer, Waltham, MA) chemiluminescence. Band quantification was done as previously described [23] .
Combination Index Analysis
Cell proliferation was carried out as described above. The combinatorial effect of Nx and GEM on proliferation inhibition was calculated by combination index (CI) using the Chou and Talalay method [24, 25] 
Statistical Analysis
All experiments were done in triplicate in at least three independent experiments and the data generated were then tested for significance by two-way ANOVA followed by student T-test. P-values < 0.05 were considered significant.
RESULTS
Nx-GEM Combination Exhibits Synergistic Anti-Cancer Effects
Previous work from our laboratory demonstrated the ability of Nx to inhibit cell growth as well as modulate inflammatory (STAT3/NF-kB) and autophagic signaling pathways in PanCA cells [12, 13] . Given that these pathways contribute to therapeutic resistance, we assessed the effect of Nx in combination with the conventional therapeutic agent, gemcitabine (GEM). We first measured the effect of Nx and GEM on cell proliferation of human pancreatic cancer cell lines. Treatment of Capan-2 and BxPC-3 cells with both Nx and GEM reduced proliferation significantly ( Figure 1A and B) . The observed anti-proliferative effects were analyzed using Isobologram analysis to determine whether these effects were synergistic or additive. A combination index (CI) value of 1 denotes additive; CI of <1 indicates synergistic and >1 indicates antagonistic interaction [25] . A CI of 0.5 was achieved using 50 and 20 mg/mL Nx (Capan-2 and BxPC-3, respectively) in combination with 0.5 mM GEM indicating a strong synergistic interaction ( Figure 1C and D) . Based on these data, we chose 50 and 20 mg/mL Nx (Capan-2 and BxPC-3, respectively) in combination with 0.5 mM GEM for subsequent experiments.
To validate the proliferation inhibitory capability of the Nx-GEM combination, we tested the anchorageindependent growth of Capan-2 and BxPC-3 cells using soft agar colony formation assay. These cells were treated with single agent alone or combination treatment for 7 d to allow cells to form colonies. Results are displayed as the percentage of colonies formed compared to the untreated control. Irrespective of cell type, single agent treatments (Nx or GEM) significantly reduced colony-forming ability compared to untreated controls ( Figure 1E ). Combination treatment reduced the colony forming ability of cell lines expressing mutant KRAS (Capan-2, MIA PaCa-2, and HPNE-RAS), but not wild type KRAS (BxPC-3). The observed results suggest that the combination of Nx and GEM inhibits anchorage-independent growth of multiple human pancreatic cancer cell lines. Furthermore, these effects appear to be more effective in cell lines with oncogenic Ras.
Given that the Nx-GEM combination inhibits growth of pancreatic cancer cells, we hypothesized that this combination induces apoptosis in the cells that undergo growth inhibition. Using Annexin V apoptosis assay, we assessed apoptotic activity in response to Nx-GEM combination treatment in Capan-2 and BxPC-3 cells. We did not observe Annexin positive cells in Capan-2 cells treated with GEM or media alone ( Figure 1F ). Conversely, Nx treatment alone induced apoptosis in these cells (Pvalue < 0.005). Moreover, Capan-2 cells treated with both Nx and GEM showed greater apoptosis induction compared to all other treatments (P-values < 0.005). Similar to Capan-2, BxPC-3 cells displayed increased levels of apoptotic cells in Nx and not GEM alone treatments compared to the control (P-value < 0.05). Furthermore, combination of Nx plus GEM showed significantly increased apoptosis compared to GEM alone (P-value < 0.005). However, there was not a significant difference between the Nx alone and Nx-GEM combination treatments in these cells. Taken together, these data demonstrate that Capan-2 cells expressing KRAS mutation were markedly more sensitive to the combination treatment than BxPC-3 cells expressing WT KRAS. Furthermore, combination of Nx plus GEM may inhibit growth of these cells synergistically possibly independent of apoptotic cell death.
Nx-GEM Combination Decreases STAT3 Activity in Cell Lines With Oncogenic KRAS
Although our published findings showed that Nx inhibits pancreatic cancer cell growth by inhibiting STAT3 and NF-kB signaling, we examined whether Nx plus GEM mediated growth inhibitory effects are due to changes in STAT3/NF-kB signaling molecule expression and activity. Whole cell extracts prepared from various treatment regimens were used in immunoblot analysis with antibodies against JAK1, STAT3, phosho-STAT3 (pSTAT3), p105, p50, p65, and phospho-p65 (pp65). Cumulative analyses of these data indicate that Nx alone or Nx-GEM combination, but not GEM alone significantly reduced levels of pSTAT3 in Capan-2, BxPC-3, and HPNE-Ras cells. Furthermore, we observed a significant decrease in the levels of pp65 in BxPC-3 cells in response to combination treatment. It is noteworthy to mention that GEM treatment induced p105, p50, and pp65 in MIA PaCa-2 cells (despite the low levels of pp65 in this STAT3/NF-kB POTENTIATES GEMCITABINE ACTIVITY cell line); while the combination treatment did not induce these proteins. We observed notable changes in JAK1 both in Nx and Nx plus GEM conditions in MIA PaCa-2 as well as in the GEM alone condition for BxPC-3 cells (Figure 2) . Quantification of the western blot signaling data from Figure 2 is shown in Supplemental Figures S1AÀD.
GEM Resistant Pancreatic Cancer Cells With Oncogenic KRAS Are More Sensitive to Nx Than Their Parental Cells
Due to the high preponderance of GEM resistance seen in patients undergoing chemotherapy and our findings that Nx enhanced the effect of GEM, we sought to determine the effects of Nx on GEM resistant cells. As can be seen in Figure 3A and B, GRB and GRC cells bear a significantly higher level of tolerance to GEM as compared to their WT parental cell lines. Western blot analysis of GRC cells compared to WT Capan-2 cells showed higher levels of phosphorylated p65 and IkBa as well as both total and phosphorylated STAT3 ( Figure 3C ). Collectively, these data suggest that the GRC cells have increased STAT3/NF-kB inflammatory signaling. Furthermore, Nx was able to inhibit cellular proliferation of GRB cells at levels equivalent to that of WT BxPC-3 cells ( Figure 3D ). Intriguingly, Nx exhibited a much stronger effect on GRC cells than on the WT Capan-2 cells ( Figure 3E) . The difference in Nx sensitivity between the two cell lines could possibly be related to their KRAS status as BxPC-3 cells express WT KRAS and Capan-2 express mutant KRAS G12D . Although there are a number of possibilities for the development of GEM resistance in the GRB and GRC cell lines, our data suggest that STAT3/NFkB inflammatory signaling may be involved.
Berberine and Its Derivatives, Ber 2-4 and Ber 2-8, Inhibit PanCA Cell Proliferation
Previous biochemical fractionation studies showed berberine and palmatine as some of the major active components associated with the biological activity of Nx [26] . Here we tested, if berberine or some of its derivatives could recapitulate the Nx-induced combinatorial growth inhibitory effects [27] [28] [29] [30] [31] [32] . Chemical structures of Ber and its derivatives are shown in Figure S2 . We observed significant dose-dependent inhibition of proliferation in all cell lines with MIA PaCa-2 and BxPC-3 cells being the most sensitive to Ber treatment compared to untreated cells ( Figure  4A ). Furthermore, the berberine derivatives, Ber 2-4 and Ber 2-8, demonstrated strongly significant dosedependent inhibition of proliferation in PanCA cell lines. The most interesting finding between these two Ber derivatives and Ber, however, was the notable difference in proliferation inhibition between pancreatic cancer cell lines and HPNE cells treated with Ber 2-4 ( Figure 4B ). This difference is discernable at the 25 mg/mL and 75 mg/mL Ber 2-4 doses. At the median dose of Ber 2-4 tested (25 mg/mL), all cell lines displayed significantly higher proliferation inhibition than HPNE cells (P-values < 0.05, Figure 4B ). Only Capan-2 cells at the highest Ber 2-4 dose (75 mg/mL) were not significantly less inhibited than HPNE cells (P-values for other cell lines were <0.00001). A summary of the Ber derivative structures along with their respective IC 20 and IC 50 doses for all cell lines is shown in Table 1 . Based on the data presented in Figure 1C and D, regarding Nx-mediated synergy when combined with 0.5 mM GEM, we tested whether Ber or Ber 2-4 would also have an additive effect when combined with GEM. As such, we treated Capan-2 and BxPC-3 cells with a range of Ber or Ber 2-4 doses in combination with 0.5 mM GEM for 24 h. Our results show that although combination of Ber or Ber 2-4 with GEM inhibits proliferation, the observed effects were not statistically significant compared to monotherapy (GEM or individual compounds alone; Figure  5A -D). These data suggest that although Ber and Ber 2-4 are able to effectively inhibit PanCA cell proliferation, there is no additive effect to combining the compounds with 0.5 mM GEM. Taken together, these data suggest that Nx, as a whole extract, may be better than individual components in potentiating GEM activity in these cells.
DISCUSSION
Despite recent advancements to PanCA treatment, the longevity of patients has been improved by only a matter of months, depending on the treatment regime used [5] [6] [7] . Even with these small advances, resistance to treatment remains an unfortunately common occurrence. For those patients receiving GEM alone, resistance can rapidly occur. Natural products such as curcumin and unsaturated vitamin E have been indicated as chemo-sensitizers, which act through inhibiting inflammation by downregulation of NF-kB and STAT3 activity [33] [34] [35] . We previously established the ability of Nx to inhibit STAT3/NF-kB signaling [13] . Our current study sought to address drug resistance by highlighting the potential of Nx as an adjuvant to GEM treatment. Based off our collective results from Figures 1 to 3 , we determined that Nx is able to enhance the cytotoxic effects of GEM and that this likely occurs due to the ability of Nx to inhibit inflammatory signaling via downregulation of STAT3 and NF-kB activity. Although GEM resistance is generally associated with alterations in hENT1, dCK, MUC4, and RR expression, it is well established that GEM can enhance the production of pro-inflammatory signaling molecules like NF-kB and various cytokines [3, 4, 36, 37] . Furthermore, pancreatic cancer cells that have reduced levels of STAT3 display increased sensitivity to GEM, thereby linking STAT3 activity to GEM resistance [38] . Collectively, these studies indicate that inflammatory signaling leads to the induction of a milieu of pro-survival and anti-apoptotic processes, which reduce sensitivity to GEM. Furthermore, NF-kB has been linked to hENT1 regulation and MUC4-mediated GEM resistance was linked to NF-kB activation of pro-survival and anti-apoptotic pathways [4, 39] . In addition, analysis of patient samples suggests that GEM resistance may also occur through induction of NF-kB via the pro-inflammatory cytokines, TNF-a and IL-1b [36] . Furthermore, STAT3 has been indicated as an inducer of MUC4 expression leading to chemo resistance in a gastric cancer model [40, 41] . The increased levels of STAT3 in our GEM resistant Capan-2 cell line suggests that a STAT3/MUC4 mediated resistance could be involved in pancreatic cancer as well. However, more detailed experiments such as determining MUC4 expression in response to IL-6/ STAT3 stimulation and inhibition should be done to confirm this hypothesis. Collectively, these data indicate that inflammation could be targeted for treatment in conjunction with chemotherapy to develop more efficacious PanCA treatment strategies. Our data also indicate that GEM resistant pancreatic cancer cells bearing oncogenic KRAS mutation are more sensitive to Nx than their parent (GEM sensitive) cell line, while resistant cells with a WT KRAS did not show any modified effect compared to their parental line. The selectivity exhibited by Nx in targeting GEM resistant KRAS mutant cell lines as well as the synergistic activity between Nx and GEM on PanCA cell lines is very promising. Although a more detailed analysis of why the KRAS mutant GEM resistant cells were more sensitive to Nx needs to be conducted, our data suggest that the enhanced sensitivity may be due to increased levels of inflammatory signaling molecules like STAT3 in the resistant cell line. In addition to our investigation of Nx-GEM combination, we set out to identify if Ber (one of the active components in Nx) was the source of the Nx-mediated effects on pancreatic cells by examining Ber and some of its derivatives. In general, berberine inhibition of pancreatic cells correlates to other studies indicating Ber toxicity at higher levels and also suggests that Ber may be responsible for some of the Nx mediated effects on PanCA cells. Next to Ber, its derivatives (Ber 2-4 and Ber 2-8) showed potential as anti-cancer therapeutics ( Figure 4B and C). Moreover, Ber 2-4 exerted stronger anti-proliferative effects on cancer cell lines than on the "normal" cell line, HPNE. This difference in proliferative inhibition suggests that Ber 2-4 may be less toxic to normal pancreatic cells. The implications of this variance between the "normal" cell line and both cancer and tumor promoting cell lines are very promising. However, we were unable to establish synergy between Ber 2-4 and GEM. Our inability to detect synergy was likely due to our experimental design, as we did not fully assess the potential of Ber 2-4 like we did Nx. If we had tested Ber 2-4 the same way we tested Nx in Figures 1 and 2 we would have been able to conclusively determine whether this Ber derivative is able to act synergistically with GEM. Current studies in our lab are seeking to address this topic.
The collective results of this study suggest that Nx carries significant potential for translation into the clinic. This greater potential is due to its ability to exert synergistic anti-cancer effects on PanCA cell lines when combined with GEM and its ability to inhibit the proliferation of GEM resistant cell lines. Although these results along with the previous clinical trial in prostate cancer patients provide strong support for the use of Nx in PanCA, our study was limited by the lack of in vivo data from animal models. Nevertheless, these results provide evidence for the need to conduct more in-depth investigations to understand the mechanism associated with GEMresistance, evaluating combinatorial effects of Nx plus GEM including selectivity towards KRAS using mutant cell lines and preclinical animal models.
